Introduction
Intraventricular hemorrhage (IVH) is a cause of significant morbidity and mortality and is an independent predictor of worse outcome after germinal matrix hemorrhage (GMH) in neonates [1, 2] and intracerebral hemorrhage (ICH) in adults [3, 4] . IVH is common in neonates and usually occurs as a result of GMH. The incidence of GMH-IVH is higher in very low birth weight (VLBW, birth weight<1,500 grams) infants, and although the rate of IVH in this group has decreased in recent years, the overall number of preterm infants who survive is increasing. Of VLBW infants, 22 % display GMH-IVH, with one quarter of those developing ventricular dilation. Those with persistent ventricular dilation (34 %) will require surgical treatment with a reservoir or a shunt [2] .
In adults, ICH is common with an incidence of 12-15/ 100,000 cases annually [5] , and IVH occurs in up to 42-52 % of those presenting with spontaneous, non-traumatic ICH [3, 4, 6, 7] . Hydrocephalus develops in up to 67 % of patients with intraventricular extension of ICH [3, 4] and is itself associated with a higher mortality [8] . The presence of IVH in patients with ICH lowered the rate of favorable outcome from 31 % to 15 %, and it was an independent predictor of worse outcome along with hydrocephalus in the STICH trial of surgical intervention for ICH [3] . The volume of blood contained within the ventricles is also independently associated with a worse Glasgow Coma Scale [9] .
IVH can lead to both immediate hydrocephalus and delayed hydrocephalus in addition to direct brain injury [10] . The mechanisms by which ventricular hemorrhage causes brain injury and hydrocephalus are still not totally clear. Determining those mechanisms may allow identification of additional therapeutic targets to decrease IVH-induced hydrocephalus and potentially mitigate deleterious brain effects. Evaluating the mechanisms of CSF accumulation in pathologic states, such as IVH, requires an understanding of normal absorption of CSF in both animals and humans, and there are still some deficiencies in that regard (see the following discussion). This review will address hydrocephalus after IVH, both in the neonate (which commonly occurs with extension of GMH into the ventricles) and in the adult (which often occurs via extension of ICH), with emphasis on the mechanisms of hydrocephalus development.
Intraventricular Hemorrhage: Etiology
In neonates, GMH arises from the germinal matrix, an area of rapidly dividing progenitor cells destined to be both neurons and glia which is present until 34 weeks' gestation [11, 12] . This area is located between the ventricular wall and caudate nucleus in the thalamostriate groove [1] . It is highly vascularized and undergoes rapid angiogenesis during development. The vascular network is comprised of immature, fragile vessels that lack connective tissue support. Pericytes, which are important for maintenance of tight junctions that function in the blood-brain barrier (BBB), are decreased in the germinal matrix vasculature [13, 14] . A lack of muscle and type IV collagen around the capillaries [15] , increased fibrinolysis, presence of immature glial cells around the capillaries [11] , and a direct communication between the arterial blood supply and deep venous system may all contribute to the propensity of this area to hemorrhage during development. This propensity to hemorrhage is coupled with multiple possible inciting events in the neonate; most of which render the germinal matrix susceptible to rapid changes in blood flow. GMH usually occurs within the first 3 days of life and is thought to be associated with stressors that may include hypertension, hypercarbia-induced increases in cerebral blood flow, increased venous pressure, coagulopathy, and impaired cerebral autoregulation [15] . As the germinal matrix is no longer present in term infants, IVH in this group is thought to occur as a result of choroid plexus hemorrhage [15] .
IVH in adults can occur secondary to extension of ICH, aneurysmal SAH, vascular malformations, and trauma. ICH with intraventricular extension is more likely if the hemorrhage occurs in periventricular locations such as the thalamus and caudate [7] . In adults, older age, increased volume of ICH, and significant hypertension are also associated with ICH-associated IVH [16] .
IVH/Hydrocephalus Grading
In neonates, GMH-IVH is graded based on the extent of hemorrhage and presence of ventricular dilation [17] . Grade I is defined as hemorrhage confined to the subependymal germinal matrix. Grade II is GMH that extends into the ventricle without ventricular dilation. Grade III is GMH-IVH accompanied by ventricular dilation. Grade IV is GMH-IVH with hemorrhage extension into the brain parenchyma beyond the germinal matrix (Fig. 1) . Grading of post-hemorrhagic ventricular dilation is not uniform, and although some groups [18] have suggested criteria for ventricular dilation, there is no commonly accepted system in place. In adults, there are multiple grading scales for IVH in the setting of ICH [19] [20] [21] . These scores incorporate measurements of the amount and location of intraventricular blood as well as the degree of ventricular distension. When compared against one another, all were able to predict outcome when used at admission and within 6 days after hemorrhage [4] . There is no consistent grading score in the adult for hydrocephalus alone, particularly in the presence of a mass lesion, such as in ICH [8] .
IVH-Induced Brain Injury
Neonatal and adult IVH causes immediate and delayed injury to the brain, resulting in ischemia, hypoxia, white matter injury, periventricular leukomalacia, free radical damage, hemorrhagic infarction of the parenchyma, release of inflammatory cytokines and free radicals into the CSF, gliosis, and decreased cerebral perfusion pressure [15] . These effects may culminate in cerebral palsy, seizures, cognitive deficits, hydrocephalus, and death. IVH results in damage to precursor cells of the germinal matrix and subventricular zone, and in neonates, this may be of even Fig. 1 Cranial ultrasound showing grade IV germinal matrix hemorrhage-intraventricular hemorrhage more importance as the brain is actively developing. Decreased Ki67, a marker of proliferation, has been found in the germinal matrix adjacent to the site of the hematoma [22] . In addition, there is suppression of cell proliferation in the ganglionic eminence within 24 h of hemorrhage in human autopsy specimens [23] .
Hydrocephalus itself causes injury to the brain by a number of mechanisms including inflammation, ventricular distension disrupting periventricular fibers, and increased intracranial pressure with resultant decreased cerebral perfusion [3, 7, 24, 25] . In neonates, hydrocephalus is thought to cause white matter injury through multiple mechanisms including increased ICP, iron-induced free radical damage, and inflammatory cytokines [26] .
Neonatal Animal Models of IVH and Hydrocephalus
Animal models have attempted to replicate the pathology found in neonatal IVH. Some models include direct induction of IVH via injection of blood into the ventricles of young or premature animals. Other models attempt to mimic GMH directly by premature delivery in combination with systemic treatments to cause fluctuations in intracranial pressure to precipitate GMH. The former has the advantage of controlling the amount and timing of IVH. The latter more closely mimics the pathology in neonates with GMH.
The neonatal GMH-IVH models have been developed in a number of species. A number of rodent models have been used as the developmental state of the rodent brain at the time of birth is comparable to a 24-26-week gestation human brain [27] and newborn rodents do not require supportive care required by other prematurely delivered animals. A current rodent animal model involves bilateral ventricular injection of 80 μl of blood, with 65 % of rats injected with citrated blood and 50 % of those injected with artificial CSF developing dilated lateral ventricles [28] . Another newborn rodent model involves injection of autologous blood into the periventricular region where 3 of 21 rats injected with blood developed hydrocephalus [29] . Lekic et al. developed a GMH model by injection of clostridial collagenase into the right germinal matrix; however, the presence of IVH and ventricular enlargement was not addressed [30] . A similar neonatal collagenase model did not see hydrocephalus in any of the animals examined [31] . A mouse model of IVH with injection of blood into the periventricular region of newborn mice resulted in mild ventricular enlargement at 2 weeks [22] .
Other animal models have used rabbits, beagles, sheep, and pigs. There is rabbit model of GMH-IVH [32] , in which GMH is precipitated by intraperitoneal injection of glycerol and premature delivery at 29 days gestation (full term is 32 days) [33, 34] . Up to 20 % of rabbit pups delivered by Cesarian section have IVH, and 70 % develop GMH/IVH after injection of glycerol, which induces intracranial hypotension. GMH has also been also induced with Lasix [27] . Beagle pups, in particular, are a good model as the germinal matrix is still present in the first 1-2 days after birth. This then involutes by post-natal day 10. Sheep, along with beagle pups, have carotid rete mirabiles that mitigate systemically induced increases in intracranial pressure and so would not mimic human pathology as well [27] . A neonatal piglet model has also been used, where blood is injected into the ventricle at birth [35] .
Although there are variable rates of hydrocephalus in IVH models, this offers a chance to compare differences between those animals that ultimately develop hydrocephalus and those that do not. Arachnoid granulations, which have been implicated as a potential site of pathology for the generation of hydrocephalus after IVH, are not present in a number of species, including rodents, complicating studies of the mechanisms of hydrocephalus development [36] . In humans, however, arachnoid granulations are not present prior to birth, and the lack of arachnoid granulations in certain animal models may not be significant.
Information on hydrocephalus induction can also be gathered from animal models of congenital hydrocephalus caused by genetic mutations and acquired hydrocephalus secondary to injection of materials which block CSF flow, induce inflammation, alter CSF osmolality, or cause infection. The first animal models of hydrocephalus were created by Dandy and Blackfan in 1913 [37] , who created obstructive hydrocephalus at the level of the cerebral aqueduct in a dog. Since that time, there have been a number of models of acquired hydrocephalus including Kaolin injection into the cisterna magna or injection of substances, which result in inflammation. Injection of hyperosmolar dextran and fibroblast growth factor into the CSF both cause hydrocephalus in rats presumably by increasing the osmolality of the CSF and drawing additional water into the ventricular compartment [38] through the choroid plexus or across the ependymal surface.
Genetic models of congenital hydrocephalus in the rat include the HTX and LEW/Jms rats; both of which develop obstructive hydrocephalus prior to reaching adulthood, with the HTX rat first developing transitory communicating hydrocephalus. In the mouse, there are multiple genetic models [39] , including hy3, aquaporin 4 −/− , TGF-B1 overexpression [40] , and L1-cell adhesion molecule deficient mutants [41] .
Adult Animal Models of IVH and Hydrocephalus
There has been a paucity of IVH studies in adult animals. The animal models that have been created have used stereotactic injection of blood into the ventricles [42] . Our group has developed an IVH model in the adult rat where intraventricular injection of 200-μl autologous blood results in ventricular dilation, which peaked at 2 days and persisted for 8 weeks [43] . Pang evaluated ventricular size after the injection of 9 ml of autologous blood into the ventricles of adult dogs [44] , and Mayfrank et al. examined IVH and ventricular size in adult pigs [45] . IVH-mediated brain injury and hydrocephalus have not been systematically evaluated in ICH animal models but rather in animal models of IVH alone [45, 46] . As IVH is a common complication of ICH in humans, animal models that combine these two pathologies are needed. There are also differences between neonatal and adult IVH, and therefore, appropriate models are needed for both age groups. For example, the neonatal mouse brain is more severely damaged than mature mouse brain after intracerebral injection of blood, thrombin, and plasminogen [47] .
Mechanisms of Hydrocephalus After IVH
It is a commonly held view that IVH-induced hydrocephalus is due to alterations in the CSF drainage pathway, particularly related to the cerebral aqueduct, fourth ventricular outlets, and the arachnoid villi or granulations. This section discusses the evidence for this along with potential roles of alternate drainage pathways, alterations in the ependyma, BBB, and aquaporin expression that may alter fluid flow within the brain. It also examines growing evidence for a role of iron and inflammation in hydrocephalus and IVHinduced brain injury. Expansion of ventricles may also occur secondary to loss of brain tissue from atrophy. Although this may contribute to chronic ventriculomegly after hemorrhage, it is not likely to be the case after acute IVH.
CSF Dynamics
The most commonly held view of IVH-induced hydrocephalus is that it is due to a blockage in the CSF drainage pathway. Thus, acute obstructive hydrocephalus after IVH occurs from blood blocking the cerebral aqueduct or the fourth ventricular outlets (foramen of Luschka and foramen of Magendie). Tetraventrciular hydrocephalus results from blockage at the level of the cortical subarachnoid space or less commonly blockage at the level of the outlets of the fourth ventricle (Foramina of Luschka and Magendie). There are few animal studies that actually investigate either the cortical subarachnoid space or the outlets of the fourth ventricle. One early study attributed post-hemorrhagic hydrocephalus to fibrous thickening of the subtentorial leptomeninges with occlusion of the fourth ventricular outlets [48] , not the arachnoid granulations.
In contrast to obstructive hydrocephalus, dilation of all ventricles is often referred to as communicating hydrocephalus, even though a blockage may be present, for example, in the subarachnoid space. Communicating hydrocephalus after IVH is commonly thought to occur by blocking CSF outflow at the level of the arachnoid villi and arachnoid granulations by microthrombi [49] . As communicating hydrocephalus often occurs in a delayed fashion, inflammation causing scarring of the arachnoid granulations has also been implicated as a mechanism. Larroche in 1972 demonstrated that posthemorrhagic ventricular dilation occurs through obliterative arachnoiditis in the posterior fossa (foramina of Luschka and Magendie) and to a lesser extent by obstruction of CSF at the cerebral aqueduct [48, 49] . The idea of arachnoid villi and granulations being the site of obstruction of CSF outflow after hemorrhage has been widely accepted; however, data to support this theory are limited. For instance, GMH-IVHinduced hydrocephalus is most common in VLBW infants; most of whom do not have arachnoid granulations as they are not usually seen until the time of term gestation. In these individuals, there are thought to be additional routes of CSF drainage, which may be the location of impaired drainage (see the following discussion). These routes of absorption have not been adequately addressed particularly as there are no arachnoid granulations in multiple animal models including rats, mice, rabbits, and cats [36] , as well as the human fetus.
Sites of Absorption-Arachnoid Granulations
In order to begin to understand the pathophysiology of IVHinduced hydrocephalus, an appreciation of all of the possible absorptive sites of CSF is necessary. The idea of CSF reabsorption occurring via the arachnoid granulations originated in the early 1900s by Weed [50] . Microscopic arachnoid villi and macroscopic arachnoid granulations consist of protrusions of arachnoid through the dura into the venous sinuses and are most prominent adjacent to the superior sagittal sinus. Both the presence and morphology of arachnoid granulations are different between humans and animals [51] . Rats, a common species for animal models of hydrocephalus, do not have arachnoid granulations and have very few arachnoid villi. The arachnoid villi in rats may only function under conditions of elevated CSF pressure, and although they extend into the wall of the sinus, they do not protrude into the lumen of the sinus. Many of the theories supporting arachnoid granulations as the primary mode of CSF absorption stem from Dandy's work on experimental hydrocephalus. However, in his work from 1919, Dandy noted that the injection of India-ink into the CSF took 45-75 min to reach areas along the longitudinal sinus and that, by this time, 20-25 % of the absorption had already taken place, indicating an alternative site for absorption [52] .
Alternative CSF absorption sites are particularly important in the developing brain since the arachnoid granulations are not yet fully functioning [36] . In addition to arachnoid villi along the superior sagittal sinus, ventricular ependyma via the subependymal vein, leptomeninges via the cortical veins, pia-arachnoid capillaries through the venous system, choroid plexus through the deep venous system, and the perineural space by way of lymphatic channels were noted as additional sites of CSF absorption.
Studies involving SAH have also implicated the arachnoid villi in pathogenesis of hydrocephalus [53] [54] [55] . Possible mechanisms for interruption of CSF flow through the villi include an inflammatory-mediated or blood product provoked proliferation of arachnoid cells [53] or blockage of the arachnoid villi by erythrocytes [55] . Arachnoid granulations have a collagenous center consisting of trabechulae which may contain macrophages [56] . After subarachnoid hemorrhage, erythrocytes, but not fibrin, are found in arachnoid granulations [56] . To enhance blood clearance and decrease that chance for occlusion of the arachnoid granulations, there have been multiple trials investigating the effect of intraventricular tissue plasminogen activator (t-PA) [44, 57] . Not all neonates respond to thrombolytic therapy, and the presence of plasminogen activator inhibitor-1 (and decreased fibrinolysis) is thought to play a role in this lack of response and may be involved in the pathogenesis of IVH-induced hydrocephalus [58, 59] .
Alternative Sites of Absorption
As noted previously, the traditional theory about CSF reabsorption through arachnoid granulations may not be entirely complete as there is evidence of accessory pathways via nasal lymphatics, nerve sheaths, spinal subarachnoid space, and across the ependymal and endothelial surfaces in the brain. As neonates do not have arachnoid granulations, these additional pathways may be more active in the developing nervous system and may play a particular role in pathogenesis of hydrocephalus after GMH/IVH in the neonate. Precursors to arachnoid villi appear at 26 weeks gestation as depressions in the venous wall of the dura. Arachnoid cells are contained in the depressions and are found in a subendothelial location. The depressions develop into protrusions up to the time of birth at which time they become arachnoid villi [60] . Animal studies have shown that nasal lymphatics are an important mechanism of CSF drainage by way of cribriform plate and the nasal mucosa [61] . In HTX rats, there is decreased CSF outflow to the nasal lymphatics compared with control animals [62] . CSF also drains along spinal nerve root sheaths, and spinal CSF outflow comprises up to 25 % of CSF drainage [63, 64] .
Because arachnoid granulations do not exist in rats and mice, there have been multiple attempts to find appropriate models to study CSF drainage. In sheep, CSF drainage assessed with [125] I-labeled human serum albumin occurred through both nasal lymphatics and arachnoid villi [65] , and there was an equal contribution of both routes to CSF drainage [66] . CSF drainage via arachnoid granulations in chicken has been shown to mimic that which occurs in humans [67] . The chicken is microsmatic and has a less well-developed lymphatic CSF drainage system, similar to humans. As information regarding the passage of CSF into the dural venous sinuses through arachnoid villi and granulations is lacking, some studies have examined flow in ex-vivo models consisting of human arachnoid granulations from cadaver specimens [68] . There have not been any studies evaluating changes to accessory CSF drainage pathways after IVH, and this is an area that warrants further investigation.
Hydrodynamic Theory and Communicating Hydrocephalus
Communicating hydrocephalus frequently develops after IVH. The term communicating hydrocephalus is not precise, and different theories exist as to the mechanisms [54, 69, 70] . The CSF bulk flow hypothesis explanation is based on CSF absorption resulting from a slight increase in pressure at the site of absorption which is created by pressure generated by CSF at the site of formation at the choroid plexus. The hydrodynamic theory states that decreased intracranial compliance causes increased arterial pulse pressure which mediates an increase in ventricular pressure, which subsequently distends the ventricles and decreases the subarachnoid space [71] . This theory is able to explain why the subarachnoid space decreases in size in the setting of communicating hydrocephalus, when it might be expected to increase if the point of obstruction was indeed at the arachnoid granulations. This theory includes the idea that capillaries are able to absorb fluid as well [70] . The hydrodynamic theory suggests a mechanism by which chronic obstructive hydrocephalus can develop from acute obstructive hydrocephalus, where initial ventricular distension is counteracted by venous stasis [69] . The hydrodynamic theory is intriguing in that it offers an explanation for hydrocephalus other than that of the arachnoid granulations; however, it does not offer a consistent mechanism by which intracranial compliance is altered, particularly after IVH.
Ependymal and Subependymal Damage
Ependymal surface damage occurs after IVH, and neonates with IVH and hydrocephalus have more severe damage compared to those with IVH alone [72] . Ependymal cell loss with formation of subependymal rosettes is evident, possibly due to disruption of the ependyma by the blood itself or increased pressure [44] . In general, ependymal injury results in atrophy, discontinuity of the surface with enlargement of the ventricle, gliosis, and the formation of subependymal rosettes [73] . Damage to the integrity of the ependymal surface itself can result in collapse of the walls of the cerebral aqueduct, resulting in obstructive hydrocephalus. Furthermore, it has been suggested that ependymal cells are terminally differentiated and do not regenerate, and therefore, any ependymal injury is expected to have long-lasting effects.
The ependyma is a cuboidal epithelium and contains motile cilia, primary cilia, and microvilli [74] . The multiciliated ependymal cells are thought to direct CSF flow [75] [76] [77] [78] [79] and are regulated by CSF components and neurotransmitters such as serotonin [80] . Cilia are also involved in migration of new neurons from the subventricular zone along the rostral migratory stream to the olfactory bulb [76] . The development of cilia is thought to occur post-natally [81] , and the organization of such cilia may be disrupted in GMH-IVH. Ciliary dysfunction has been associated with hydrocephalus [74, 78, 82, 83] , as in a case of primary ciliary dyskinesia and development of neonatal hydrocephalus. Ciliary defects are thought to result in hydrocephalus by multiple mechanisms including aqueductal stenosis and altered CSF flow [74, 84] . In the case of aqueductal stenosis, cilia clump together occluding the aqueduct. Destruction of the ependyma by IVH results in the destruction of motile cilia and may affect CSF flow and production and migration of new neurons from the subventricular zone [76] .
Primary cilia also project into the ventricle from progenitor cells in the subventricular zone [75] , neuroepithelial cells, and radial glia. They have mechano-sensory function and may regulate activity of the stem cells [79] . IVH may impact these cilia and, thereby, stem cell function.
With destruction of the ventricular ependyma comes disruption of the underlying subventricular zone (SVZ), which may affect neurogenesis and the migration of new neurons. The germinal matrix is also susceptible to damage after GMH-IVH in neonates as it is located beneath the ependymal lining adjacent to the lateral ventricles [23] . It contains neural precursor cells [15] and begins to produce astrocytes and oligodendrocytes in the third trimester. The production of new neurons by the subependymal zone continues throughout development and into adulthood [75] . Frank destruction of the ependymal surface and possibly the underlying SVZ is demonstrated by the ability of markers of progenitor cells to be cultured from CSF of preterm infants with post-hemorrhagic hydrocephalus [85] . Furthermore, stem cell dysfunction may play a role in ventricular enlargement as conditional ablation of PTEN, which is important in neural stem cell proliferation, results in hydrocephalus [86] .
Bone morphogenetic protein (BMP) signaling controls the fate of SVZ progenitor cells, and its expression can induce astrocyte proliferation. Noggin, a BMP inhibitor, increases oligodendrogliosis, and when used to suppress BMP signaling in a neonatal IVH model, it resulted in improved neurologic recovery [87] . BMP-4 is also increased in the CSF of preterm infants with IVH and may be involved in changes in signaling within the SVZ [87] . This change in signaling is one example of how differential regulation of the SVZ, which may be disrupted after IVH, can result in changes in cell lineage. This may be important not only for the development of hydrocephalus, but also for pathogenesis of white matter injury following GMH-IVH. Finally, the ependyma itself continues to mature into the post-natal period and may regulate radial glial cell neuroblast migration through expression of S-100 [88] . Disruption of the ependyma may alter such migration.
Alterations to the Blood-Brain and Blood-CSF Barriers
The blood-brain barrier (BBB) is composed of cerebral endothelial cells and their linking tight junctions, although astrocytes and pericytes play a role in regulating BBB function [12] . The blood-CSF barrier is situated primarily at the choroid plexus epithelial cells and their linking tight junctions. Disruption of these barriers may result in increased CSF protein content resulting in osmotic shifts. Following IVH, there is abnormal uptake of IgG by epithelial cells lining the choroid plexus as well as by ependymal cells lining the ventricles, which is a phenomenon similar to that which is seen with BBB breakdown [89] . In a SAH model, BBB tight junctions were altered, where ZO-1, a tight junction protein, expression was predominately cytoplasmic rather than intercellular [90] . BBB development in the germinal matrix lags behind that of white matter [12] as GFAP+cells (an astrocytic marker) are not present in the germinal matrix until after 28 weeks. The immature BBB in the germinal matrix may contribute to different pathophysiology in the neonate compared with adults. As a result of breakdown of these barriers, IVH may introduce an atmosphere of increased protein content and contribute to altered osmotic gradients. A number of proteins are elevated in the CSF after IVH, including thrombopoietin, ferritin, glial fibrillary protein (GFAP) and S-100 [91] , plasminogen activator inhibitor 1 [59] , TGFβ-1, TGFβ-2, and VEGF [38] , and increased levels of a number of proteins may result in the production of protein-rich vasogenic edema [90] . This has been demonstrated in an animal model where intraventricular injection of hyperosmolar dextran resulted in hydrocephalus [38] presumably through secretion of water into the ventricular space via the choroid plexus or across the ependymal wall. However, it is unclear if increasing osmolarity or protein content would be able to maintain hydrocephalus as the increased osmolarity would be expected to dissipate over time.
Aquaporins
As ventricular enlargement and hydrocephalus most often occur through a net increase in overall brain water content, alterations to water regulation may be a contributory factor. Water movement across cell membranes can be facilitated by water channels called aquaporins (AQPs). AQP 4 is the most abundant aquaporin in the brain and is present at astrocyte endfeet, glia limitans, and basolateral surface of ependymal cells [92, 93] . In the presence of cerebral ischemia and cytotoxic edema, the lack of AQP 4 appears to be protective as AQP 4 −/− mice display less edema after such insults [94] . In contrast, those mice have increased intracranial pressure and brain water content after insults resulting in vasogenic edema [95] and have greater injury after ICH with increased perilesional edema [96] . AQP 4 channels are found as early as 23 weeks of gestation in premature infants [12] . AQP 4 channels are upregulated in hydrocephalus [97] and are thought to be involved in compensatory transependymal water flow. Hydrocephalus occurs in 10 % of AQP 4 −/− mice and occurs either through defective water transport or through breakdown of the ependymal surface and subsequent obstruction of small CSF apertures such as the cerebral aqueduct or fourth ventricular outlets [98] . Additionally, AQP 4 −/− mice develop hydrocephalus more rapidly [99] as AQP 4 is responsible for transependymal flow of water and is upregulated in hydrocephalus. In a kaolininduced model of hydrocephalus in adult rats, AQP 4 was found to be upregulated after 2 weeks with co-localization with GFAP in the glial limitans and perivascular astroglia, although there was an initial decrease in levels at 2 days [100] . AQP 4 has also been implicated in cell adhesion [101] and ependymal integrity [102] with AQP 4 −/− mice displaying an altered BBB phenotype [103] . Another aquaporin, AQP 1, is also present within the brain at the apical membrane of the choroid plexus epithelium where it is involved in CSF secretion. There is a paucity of studies evaluating AQP 1 and hydrocephalus, with a recent review on the topic only finding five studies, of which 1 was a case report and one a small case series [104] . Not surprisingly, in AQP 1 −/− mice CSF production is decreased [105] , and these mice do not develop hydrocephalus [94] . There was no difference in AQP-1 levels at 4 weeks and 9 months [97] in a kaolin-induced model of hydrocephalus, whereas there was an initial decrease in choroid plexus AQP 1 expression in the hydrocephalic HTX rat [106] . AQP 1 function may be regulated by intracellular localization rendering it non-functional, while preserving overall protein levels [93] .
Inflammation
Inflammation is thought to be involved in the pathogenesis of cerebral palsy in preterm infants [107] . It has also been investigated as a possible cause of hydrocephalus after GMH-IVH, where there is fibrosing arachnoiditis, meningeal fibrosis, and subependymal gliosis [44, 108] . Inflammation and subsequent scarring may prevent the flow of CSF either through the cerebral aqueduct, fourth ventricular outlets, basal cisterns, or arachnoid granulations. Transforming growth factor (TGF)-β1 is involved in regulating extracellular matrix proteins, and it causes communicating hydrocephalus when injected into the subarachnoid space in mice [109] . Interestingly, there was no obstruction to CSF outflow from the fourth ventricle or at the level of the cerebral aqueduct in this model. However, the authors did note destruction of cilia on the ependymal surface. Preterm infants with GMH-IVH and ventricular enlargement have been reported to have elevated inflammatory markers, such as TNF-α, in their CSF [110] . However, in that particular study, the control group consisted of preterm infants with normal cranial ultrasound and, therefore, did not have GMH-IVH, so changes in the inflammatory markers may relate to IVH, hydrocephalus, or both. Periventricular TGF-β is present after IVH in neonatal rats; however, there was no difference in immunohistochemical staining between animals that went on to develop hydrocephalus and those who did not [111] . TGF-β1 release following IVH upregulates fibronectin and laminin [15] , and an increase in perivascular fibronectin has been reported in rats that develop hydrocephalus after IVH [111] . However, two studies have found that TGF-β inhibitors do not attenuate ventricular dilation after IVH in rats [112, 113] .
Activation of NF-κB signaling at the choroid plexus and ependymal lining has been reported in a rat IVH model [89] , suggesting that disruption of the ependymal lining through an inflammatory mechanism may be involved in the pathogenesis of hydrocephalus. Macrophages are normally found in the ventricular system [114] . In a 6-aminonicotinamide model of hydrocephalus, there was an increase in intraventricular macrophages, and these cells were found to contain erythrocytes, which may be important in IVH-mediated hydrocephalus [115] . Intraventricular macrophages express transferrin receptors and may be involved in iron regulation, which is also of possible importance after IVH [116] as hemosiderin is seen within macrophages after hemorrhage [73] . The subarachnoid space is also subject to the effects of inflammation post-hemorrhage as arachnoid cells are able to serve as antigen presenting cells after SAH [117] . Although inflammatory cells are seen in the subarachnoid space and arachnoid villi after hemorrhage, multiple groups have not demonstrated arachnoid villus fibrosis after SAH [53, 55] .
Complement activation occurs after injury and is involved in ICH-mediated cerebral edema and RBC lysis [118, 119] . Complement activation may also play a role in hydrocephalus as there was complement type 3 receptor upregulation in intraventricular macrophages in a rat model of hydrocephalus [115] . Complement-mediated erythrocyte lysis may expose the CSF and brain to the damaging effects of iron, and we are currently examining the role of complement in hydrocephalus and neuronal death after IVH.
Iron
Iron has long been known to cause neuropathology in neurodegenerative diseases such as Parkinson's, Alzheimer's, and superficial siderosis. Iron is a degradation product of hemoglobin and has been looked at as a mechanism of injury after ICH, SAH, and IVH [120] [121] [122] . Non-protein bound iron is elevated in neonates with PHVD compared to neonates without hemorrhage [123] . After IVH in rats, non-heme iron and the iron-handling proteins, hemeoxygenase 1 and ferritin, were increased along with ventricular size [42] . Our group has established an adult rodent IVH model with stereotactic injection of 200-μl autologous blood (or saline control) into the right lateral ventricle. With this model, enlargement of the lateral ventricles occurs within 1 day after IVH and persists up to 28 days (Fig. 2) . Iron accumulation was measured using T2* MRI sequences and was highest 1 day after IVH and slowly declined up to 28 days (Fig. 3a) . Non-heme iron was also quantified and was elevated in both hemispheres on day 3 and 7 after IVH, compared with saline controls (Fig. 3b) . Intraventricular injection of lysed erythrocytes and elemental iron causes rapid ventricular enlargement and death in adult rats, compared with injection of packed erythrocytes (Xi et al., unpublished data) . Further support for a role of iron comes from studies with iron chelators such as deferoxamine and minocycline. Deferoxamine reduces ventricular enlargement after IVH [42] and white matter injury after ICH [124] , and minocycline reduces edema after ICH [125] although it is possible that some of the effects of these drugs are via mechanisms other than iron chelation.
Hemosiderin deposits are seen in the ventricular wall in hydrocephalus after IVH [72] . Ependymal cells are thought to take up iron from the CSF and prevent iron diffusion to the rest of the brain [126] . Under the condition with iron release into CSF after IVH, there is the potential for ironinduced ependymal damage. Similarly, oligodendrocytes are iron scavengers within the CNS. The white matter-lined ventricles contain numerous oligodendrocytes, and exposure of the CSF to blood may result in iron uptake and possible iron overload in those cells. Recent work from our lab demonstrated an increase in ferritin-containing cells both in the periventricular area and hippocampus after IVH compared with saline control (Fig. 4) .
Iron regulation differs between the adult and the developing brain, which may impact the effects of IVH. After intraventricular administration, iron and transferrin are more widely distributed throughout the brain early in development. In addition, the uptake and content of iron in the brain increase after birth [126] .
Iron and AQP 4 have been implicated in brain injury after ICH. In a rat model of ICH, iron deposition and AQP 4 were present in the perihematomal area, and the iron chelator, deferoxamine, reduced both perihematomal edema and AQP 4 upregulation [127] . Periventricular iron accumulation after IVH may cause upregulation of AQP 4 and subsequently result in enlargement of the ventricles [128] or edema. There have been no studies looking at AQP 4 or AQP 1 and IVH.
Therapeutic Interventions
Studies investigating treatment for IVH and post-hemorrhagic hydrocephalus have focused on the neonatal population as GMH-IVH occurs in a specific population at a predicted time point (i.e., in premature infants within 72 h of birth), offering an opportunity to intervene prior to the time of potential injury [18, 129] . Antenatal attempts to reduce GMH-IVH have included maternal administration of phenobarbital, vitamin K, corticosteroids, indomethacin, and magnesium [15] . Maternal administration of corticosteroids has been the only antenatal treatment to reduce the incidence of IVH in preterm infants [130] . Post-natal treatments that have been investigated include phenobarbital, paralytics, indomethacin, [42] ethamsylate, and vitamin E. Of these, indomethacin is the only treatment that has shown any possible effect on IVH [131] .
Shooman et al., in their review of treatment for posthemorrhagic hydrocephalus, noted only 13 randomized trials addressing this topic [129] . Of those trials, there was no therapy that reduced the incidence of shunt surgery in preterm infants with GMH-IVH and hydrocephalus. As the amount and duration of blood in the ventricular system are associated with rates of hydrocephalus, there has been some interest in clot removal as a therapeutic intervention.
However, removing blood through drainage, lysis with TPA, and irrigation was investigated in GMH-IVH [132] , there was no difference in rates of shunt surgery compared with reservoir tapping, and there was an increase in secondary hemorrhage in those treated with drainage, TPA, and irrigation. In addition, early removal of CSF by lumbar puncture or subcutaneous reservoir does not decrease the risk of shunt dependence [129] . Diuretics to decrease CSF production have shown no benefit and, in fact, resulted in worse outcome and increased risk of death [133] . [42] Adult studies on the treatment of IVH have focused on intraventricular t-PA administration. Some have suggested that intraventricular thrombolysis [10] may result in decreased mortality and better functional outcomes compared with untreated controls. The IVH thrombolysis trial was recently published, which showed an acceptable safety profile for intraventricular low-dose recombinant t-PA after ICH with IVH [57] . Rates of shunt surgery are not a primary outcome in a number of the studies on intraventricular t-PA; however, there appears to be a trend towards reduced incidence of shunt surgery [10] . There may be an additional effect on inflammation by t-PA as, in one retrospective study, individuals who received intraventricular t-PA demonstrated fewer CSF white blood cells 5-6 days after hemorrhage [24] .
Conclusion
IVH is a cause of significant morbidity and mortality as a complication of neonatal GMH and adult ICH. IVH causes hydrocephalus in 25-50 % of these individuals and results in additional damage to the brain. There has been little research on the mechanisms of IVH-induced hydrocephalus in recent years. Arachnoid granulations may be involved initially through obstruction by microthrombi and subsequently by inflammation and fibrosis; however, the data supporting this are sparse. Other mechanisms of hydrocephalus may involve accessory CSF drainage pathways, damage to the ependymal surface and cilia, changes in expression of aquaporin channels, and pathways related to iron and inflammation (Fig. 5) . Investigating the pathogenesis of hydrocephalus after IVH may lead to additional treatment strategies, which are needed as the current mainstay of treatment has not changed in the last 50 years.
